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Abstract 
Rolling element bearings (Ball Bearings) are the main rotating element in mechanical engineering applications such as Thermal 
Power plants, Nuclear power plants, Aviation and Chemical industries. The defects in the rolling element bearings may arise due 
to reasons such as overloading, fatigue, improper design and manufacturing of the bearing, misalignment of bearing races, etc. 
Depending on the application, the speed and load conditions of shaft may cause some failures which leads to non-stationary 
operating conditions. Since early fault detection can save emergency maintenance cost, the bearing fault diagnosis is important in 
monitoring applications.  This paper is attempt to analyze the effectiveness of the new time-frequency distributions called the Zhao-
Atlas-Marks (ZAM) distribution to enhance non stationary vibration signal analysis for fault diagnosis in bearings. Also the 
performance of ZAM with Short Term Fourier Transform (STFT) is discussed in this paper. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICOVP 2015. 
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1. Introduction 
 Rolling element bearing comes under the critical component in many rotating machineries. Ball bearings are 
important components in many industrial and transportation applications. Condition-based maintenance (CBM) of 
such machines is gaining importance in industries because of the need to increase reliability and to decrease possible 
loss of production due to machine breakdown. 
 CBM is a decision-making strategy based on real time diagnosis of impending failures and prognosis of future 
equipment health. The condition of a system is quantified by obtaining data from various sensors in the system 
periodically or even continually. The detection of failures in components can be done by comparing the signals of a  
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machine running in normal condition and faulty condition [1]. In order to predict and overcome wear related damage  
progression in bearings, various condition monitoring techniques have been developed [2, 3] in past literature. There 
are several vibrational analysis techniques for analyzing the bearing vibrations. These techniques are classified into 
time domain analysis, frequency domain analysis and time frequency domain analysis. In time domain analysis,  
various parameters such as Root Mean Square (RMS), Peak, Kurtosis, Crest Factor, Standard Deviation etc., have 
been considered in order to analyze the various defects [4, 5]. 
 In frequency domain analysis, the time domain vibrational signals are converted into discrete frequency 
components using Fast Fourier Transform (FFT).Spectrum analysis is the FFT of log of a vibration Spectrum in which 
frequency of our interest can be identified easily [6]. Since the FFT analysis is most suitable to stationary signal 
analysis and in order to combine the advantages of both time domain and frequency domain analysis, the time 
frequency domain analysis was introduced by many researchers in the fault diagnosis using vibration signals. Time 
frequency domain analysis is the 3D time, frequency and amplitude representation of the signal, it has the capability 
to handle both stationary and non-stationary vibration signals. A number of time frequency analysis methods such as 
Short Time Fourier Transform (STFT), Wagner-Ville Distribution (WVD), Wavelet Transform, Zhao-Atlas-Marks 
(ZAM), and Bessel’s, etc. [7]. The ZAM distribution of fault diagnosis is applied in gear fault diagnosis [8]. Although 
various time frequency analysis is applied for the bearing fault diagnosis, the ZAM distribution of bearing fault 
analysis is not attempted. 
 Hence In this work, the bearing fault diagnosis is done using sophisticated signal processing technique called 
ZAM transform. The ZAM is used to present the time frequency analysis and the comparison of normal and faulty 
signal is done. Also the performance of ZAM is discussed with STFT (spectrogram). The vibration response of the 
bearing under normal and faulty conditions such as faults in inner race and outer race are considered for the analysis. 
2. Time-Frequency Representations 
This paper discusses on time-frequency representations like STFT and ZAM for fault diagnosis which have been 
explained in detail in this section.  
2.1. Short Time Fourier Transform (STFT) 
Fourier atoms were introduced to measure the “frequency variations” of sound. The WFT of a function f (t) is given 
by [9] 
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Where g(t) is a real and symmetric window translated by u and modulated by the frequency  [, t is the instantaneous 
time. The transform is called the STFT because the multiplication by g (t - u) localizes the Fourier integral in the 
neighborhood. The resolution in time and frequency of the WFT depends on the spread in time and frequency of the 
selected window type (Rectangle, Blackman, Hamming, Gaussian, Hanning etc.). This spread is the smallest in the 
Gaussian window defined as follows [10] 
218)( tetg              (2) 
The WFT can be implemented digitally and efficiently in real time using discrete Fourier transform (DFT). The 
energy density possessed by the WFT is called a spectrogram denoted by Ps f 
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The spectrogram measures the energy of f (t) in t-f neighborhood of (t,[). 
2.2. Zhao-Atlas-Marks (ZAM) 
The frequency resolution and energy concentration of the algorithm are better than those of STFT. The ZAM again 
distinguishes itself in its ability to resolve highly non stationary signals. Time-frequency analysis is the 3D time, 
frequency and amplitude representation of a signal, which is inherently suited to indicate transient events in the signal. 
In 1966, Cohen developed a generalized form of phase-space distribution from which all other time-frequency 
distributions could be derived. These distributions are essentially energy distributions as they distribute the energy of 
the signal over the two description variables: time and frequency. As the energy is a quadratic function of the signal, 
the Cohen class time-frequency distributions can be used for the analysis of true non stationary signals without any 
underlying assumptions. The general form of the Cohen’s class of distribution or also called as the generalized time-
frequency distribution (GTFD) for a signal f (t) is given by [11] 
³ ³ ³ u  [WPWPWPW[IPZ [WZ[P dddffetD tj )2()2(),();,( )(   (4) 
whereM ([ ,W ) is a kernel, that defines the time-frequency transformation, t is the instantaneous time, and ω is the 
instantaneous frequency. W ,[ and µ is the running time, frequency and position variables used in the integration 
respectively. The ZAM distribution is a relatively new distribution. While the emphasis on development of distribution 
such as Choi-William distribution was to meet marginal conditions and other properties, the development of the ZAM 
“cone kernel” was intended to introduce finite time support and reduce cross terms [12, 13]. The kernel to be used in 
Eq. (3) to obtain a ZAM distribution is 
2/
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where M1 (W ) is a function to be specified (usually taken to be equal to one), and a is greater than or equal to two. 
The cone shaped kernel function suppresses the cross terms away from the vertical axis and the origin of the ambiguity 
function plane. 
2.3. Bearing Characteristics Frequencies 
Defects in components  of rolling  element  bearing  such  as  inner  race, outer race, rolling elements and cage 
generate a specific defect frequencies which can be calculated theoretically from the below equations [14] 
 Ball Pass Inner Race (BPIR) ]1[
2 PD
BD
f
N   (6) 
Ball Pass Outer Race (BPOR) ]1[
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BD
f
N   (7) 
where f is the rotating frequency of the spindle, BD is ball diameter, PD is pitch diameter and 
 N is the number of balls. In the present work SKF 6000 ball bearing is considered. 
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3. Experimental Studies 
The aim of the study is to observe the vibration signals for different condition of the ball bearing such as normal, 
inner race fault and outer race fault. The fault simulator with sensor is fabricated and shown in Fig. 1 The observed 
vibration signals are further taken for time frequency analysis to identify the fault condition of the bearing. 
3.1. Experimental Setup 
A stepper motor is used with a single shaft in which the bearings are mounted. One end of the shaft is connected 
to the 5hp stepper motor and the other end to the bearings. A variable frequency drive (VFD) is connected to the motor 
to vary the speed and torque as per the requirement and an Accelerometer is placed over the bearings to measure the 
vibration. The Fig. 2 shows the accelerometer placed on top of the bearing to be tested. 
 
 
 
 
 
 
 
 
 
Fig. 1.Test setup 
3.2. Experimental Procedure 
In the present study, there are three SKF-6000 bearings used and the standard bearing dimensions are considered 
in this work. One is a new bearing and is assumed to be free from defects. In the other two bearings, defects were 
created using EDM in order to keep the size of the defect under control. The fault in the inner race and outer race were 
induced at the depth of 0.4 mm respectively. Initially the normal bearing is connected to one end of the shaft and the 
accelerometer is shown in Fig. 2. The raw vibration signal is taken in the form of electric voltage and converted into 
digital data using data acquisition system. The signals are acquired using Dewesoft software. The above procedure is 
repeated for the bearings for various conditions like outer and inner race faults by replacing the bearing in one side of 
the shaft. The setup was run at the speed of 2710 rpm (45.16 Hz). 
 
 
 
 
 
 
 
 
 
Fig. 2. Position of accelerometer 
The sampling frequency is 10000 samples per second. The sampling frequency was selected arbitrarily to some 
extent. Two sets of trial data was taken for each condition. The time domain vibration readings were exported to 
MATLAB for Time-frequency analysis. The sample vibration signals are shown in Fig. 3 and the signals are analyzed 
through time frequency toolbox, version 2 in Mat lab for STFT, ZAM. The various defects views of selected bearings 
are shown in Fig. 4. 
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   (a)Normal Bearing     (b) Outer Race fault 
 
 
 
 
 
 
 
(c)Inner Race fault 
Fig. 3 (a-c). Acquired normal and faulty vibration signals. 
 
 
 
        
 
(a)          (b)        (c) 
Fig. 4. (a) Normal bearing (b) Inner race fault, (c) Outer race fault 
4. Results and Discussions 
The signals under normal and damaged conditions such as inner race fault and outer race fault conditions are taken 
from the experimental setup as discussed in section 3.The time frequency energy distributions (spectrogram, ZAM) 
of the acceleration signals of vibration recorded from normal and faulty bearings are shown in Figs. 5-7. The results 
show the performance of spectrogram and ZAM representations in locating the energy distributions in time frequency 
domain. Different patterns are obtained for normal and different faulty conditions. For the outer race fault model, 
ZAM distributions allow localization with enough clarity where as in spectrogram lots of cross terms are presented. 
These cross-terms yield false ordinates that can mask the true spectral components of the signal, which has been shown 
clearly between the frequency range 0 and 0.5 KHz shown in Fig. 6 (a). Whereas in ZAM distribution the spectral 
components are clearly visible between the frequencies range 0 and 0.5 KHz in Fig. 6 (b). For an inner race fault, we 
see that the STFT shows the fault signal but they are not clear when compared to that of ZAM Transform due to 
presence of various cross terms which hide the fault signal. 
The ZAM distribution is symmetric with respect to threshold level of operating condition approximately at 2.5 
KHz frequencies. The information obtained using spectrogram in the range 0-5 KHz of frequency is compared with 
the results obtained using ZAM in the range of 0-2.5KHz due to its the mirror images obtained by ZAM Transform 
which has symmetry property. In this work as per the specification of the bearing (N=7, BD=4.8mm, PD=18mm) and 
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rotational frequency (f = 45.16 Hz), the characteristic bearing defect frequencies of inner race and outer race are found 
to be 200.2 Hz and 115.9 Hz respectively. In Fig. 6(b), the peak or energy concentration is observed at 180 Hz which 
is nearer to the derived frequency value (200.2 Hz) for inner race fault, which shows that the bearing is in inner race 
faulty condition. In Fig. 7(b), the peak or energy concentration is observed at 120 Hz which is nearer to the derived 
frequency value (115.9 Hz) for outer race fault, which shows that the gear is in outer race faulty condition. 
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
(b) 
Fig. 5. Normal working (a) Short Time Fourier Transform (b) Zhao- Atlas Marks 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
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(b) 
Fig. 6. Inner race fault (a) Short Time Fourier Transform (b) Zhao- Atlas Marks 
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(b) 
Fig. 7. Outer race fault (a) Short Time Fourier Transform (b) Zhao- Atlas Marks 
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5. Conclusions 
This work has presented the use of Time-Frequency analysis in fault detection, particularly STFT, and ZAM 
distributions, towards Bearing fault deduction. The frequency bandwidth affected by faulty bearing is easily identified 
by using the magnitude of vibration response acceleration (g) values from normal condition. The faulty bearing (inner 
race fault, outer race fault) values vary quite significantly when compared to normal condition. STFT is relatively old 
method of identification of faults in the bearings and the difference between STFT and other methods were studied. 
The STFT is a linear time-frequency representation and more dependent on type and length of the window. The ZAM 
distribution offered superior performance when compared with traditional technique of STFT with sharp energy 
concentration which is demonstrated with the results in detail. ZAM distribution is symmetric in nature with respect 
to 1/2 of the frequency, hence the computation can be reduced by half. The performance of ZAM provides better edge 
preservation than spectrogram. In ZAM even the small frequency ranges can be analyzed with more precision. The 
ZAM distribution has good frequency resolution and sharp energy concentration compared to spectrogram. 
Acknowledgements 
The authors would like to express their sincere thanks to Atalon, Chennai for providing the test facility for the 
present investigations. 
References 
[1] P. D. Samuel and D. J. Pines, A review of vibration based techniques for helicopter  transmission diagnostics, Journal of Sound and 
Vibration, 282 pp. 475-508, (2005). 
[2] Ajith Kumar, R. Sugumaran, V. Gowda, B.H.L. and Sohn, C. H. -Decision Tree: A very useful tool in analyzing flow-induced vibration 
data,  Mechanical Systems and Signal Processing Vol.22, pp.202–216(2008).  
[3] Andrew, K.S., Jardine. Daming Lin and Dragan Benjevic - A review on machinery diagnostics and prognostics implementing condition 
based maintenance, Mechanical Systems and Signal Processing Vol.20, pp.1483-1510 (2006).  
[4] C.Q. Li and C.J. Pickering- Robustness and sensitivity of non-dimensional amplitude   parameters   for   diagnosis   of   fatigue   spalling 
Condition Monitoring and Diagnostic Technology, Vol. 2, No. 3, pp. 81-84, (1992). 
[5] Steve Goldman - The vibration analysis handbook” 1st edition, Vibration Consultants, Tampa, Florida, (1994) - James I. Tylor and Vibration 
Spectrum Analysis 2nd edition, Industrial Press Inc., New York, (1999). 
[6] Tuncay Karacay and Nizami Akturk - Experimental diagnostics of ball bearings using statistical and spectral methods Tribology 
International, Vol. 42, pp. 836–43, (2009). 
[7] Feng, Z, Liang, M & Chu, F, Recent advances in time–frequency analysis methods for machinery fault diagnosis: A review with application 
examples, Mechanical Systems and Signal Processing, vol. 38, pp. 165-205 (2013). 
[8] Krishnakumari Aharamuthu & Elayaperumal Ayyasamy, Application of discrete wavelet transform and Zhao-atlas-marks transforms in non-
stationary gear fault diagnosis, Journal of Mechanical Science and Technology, vol. 27, no. 3, pp. 641-647, (2013). 
[9]  S. Mallat, A wavelet tour of signal processing, San Diego, CA: Academic 84-88, pp. 102-107 (1999). 
[10] M. C. Pan and P. Sas, International conference on signal processing proceedings, ICSP 2 pp.1723-1726 (1996). 
[11] S. Rajagopalan, J. A. Restrepo, J. M. Aller, T. G. Habetler and R. G. Harley, Non stationary motor fault detection using recent quadratic 
time-frequency representations, IEEE Trans. On Industrial applications, 44 (3) pp. 735-744 (2008). 
[12] S. Rajagopalan, J. A. Restrepo and J. M. Aller, T. G. Habetler and R. G. Harley, Detection of rotor faults in brushless DC motors operating 
under non stationary conditions, IEEE Trans. On Industrial Applications, 42 (6) pp.  1464-1477 (2008). 
[13] F. Hlawatsch and G. F. Boudreaux-Bartels, Linear and quadratic time-frequency signal representations, IEEE Signal Process.Mag., 9 (2) pp. 
21-67 (1992).  
[14] S. Prabhakar, A.R. Mohanty, A.S Sekhar, Application of discrete wavelet transform for detection of  ball bearing race faults, Tribology 
International( 35) pp. 793–800 (2002) . 
